Sigma phase leads to deterioration of corrosion resistance of super duplex stainless steels (SDSS) and its volume fraction increases as the time which the materials is exposed in determined temperature increases. In the present study, the effect of the short aging time on the formation of the sigma phase and on the corrosion behavior of UNS S32520 SDSS at 3.5% sodium chloride solution was evaluated using microstructural characterization, linear potentiodynamic polarization curve and electrochemical impedance spectroscopy. The results indicated that the SDSS sample solution-treated at 1150ºC and aged at 850ºC for 5 min may improve the corrosion resistance in comparison with the as-received and solution-treated conditions, due to the better partition of the elements Cr, Mo and dissolution of certain amount of sigma phase in the microstructure. However, results also showed that when SDSS solution-treated at 1150ºC is aged at 850ºC with the aging time slightly superior (10 min), the precipitation of sigma phase increases leading to a rapid deterioration of the corrosion resistance of the material.
Introduction
Super duplex stainless steels (SDSS) are basically Fe-Cr-Ni-Mo-N system alloys presenting a microstructure of approximately 50 vol% ferrite (α) and 50 vol% austenite (γ), and their high Cr and Mo content allow the combination of excellent mechanical properties and high corrosion resistance, mainly in environments containing halogen family ions, specially the chloride ion [1] [2] [3] [4] .
The combination of these properties make SDSS extremely interesting for use in the oil, chemical, offshore petroleum, and electric power industries, which require materials with high strength and toughness combined with high corrosion and stress corrosion resistance 5, 6 .
Super duplex duplex stainless steels are useful as wrought alloys, castings and weld, and have replaced successfully austenitic stainless steels in many severe operational applications where higher pitting, crevice and stress corrosion resistance in high temperatures are mandatory requirements, such as seamless tubes, valves and wellheads.
However, despite their superior mechanical and corrosion resistance properties, they are susceptible to precipitation of intermetallic phases as a consequence of the thermodynamic instability of the ferrite in the temperature range from 300 to 1050ºC 7 .
The formation of these intermetallic phases, such as the sigma (σ) phase in SDSS is totally undesirable since it causes the depletion of Cr and Mo, in the regions adjacent to the matrix due to their consumption in solid solution, during the alloying process, welding process, heat treatment or during material aging, which results in the reduction of the corrosion resistance and mechanical properties [7] [8] [9] .
This phase is basically Fe-Cr-Mo intermetallic compound and it is formed in the austenite/ferrite interface by nucleation and grown processes. Depending on its amount in the SDSS, the corrosion resistance decreases considerably whereas the hardness and mechanical strength increase [10] [11] [12] [13] .
Considering that the ferrite and austenite phases have different chemical compositions, the 1:1 proportion of austenite and ferrite phases in a SDSS is obtained especially by the austenite stabilizing elements (carbon, nickel, nitrogen) and ferrite stabilizing elements (chromium, molybdenum) [11] [12] [13] . It is well established that the partition of the elements between austenite and ferrite changes as the time of exposition of the SDSS at determined temperature during service and/or thermal processing increases, leading to the precipitation of sigma phase. However, it is difficult to determine, for a specific service temperature, the exposition time which the sigma phase starts to precipitate massively and affects significantly the corrosion resistance, mainly the pitting resistance 13 . Once this exposition time is known, it is possible to avoid the excessive formation of sigma phase during thermal processing, such as hot rolling and welding.
Concerning to pitting corrosion potential, it is influenced by the composition of the environment, the aggressive ion concentration, the temperature, the alloy composition, and the presence of sigma phase 11 .
The objective of this work therefore was to evaluate the influence of the solution-treatment and short aging times on the sigma phase (σ) precipitation and on the electrochemical corrosion behavior of UNS S32520SDSS taking in account the thermal cycles adopted, which are similar to those observed during thermal processing of these steels to fabricate several components of petrochemical industries.
Materials and Methods
The material studied was UNS S32520 SDSS and Table 1 shows the nominal chemical composition.
The samples were solution-treated at 1150ºC for 30 min, under nitrogen atmosphere, and cooled in water. After that, aging treatments were performed at 850ºC for 5 and 10 min., followed by cooling in air.
Samples used for microstructural characterization and electrochemical tests had their tested surfaces polished using 1 µm diamond abrasive and then rinsed with ethyl alcohol. The samples were analyzed by scanning electron microscopy (SEM) and the semi quantitative microanalysis of the phases was obtained by energy dispersive spectrometer (EDS), after electrolytic etching in 10% potassium hydroxide (KOH) aqueous solution for 30s. The X-ray diffractometry (XRD) with Cu Ka radiation was also performed to determine the phases present. The microhardness (HV) test was performed with a load of 4.9 N and printing time of 10 seconds.
Corrosion behavior was evaluated by linear potentiodynamic polarization method using a connected to a typical electrochemical cell with a saturated calomel electrode (SCE) used as a reference electrode, a platinum plate employed as counter-electrode and the working electrode made from the steel studied. The potentiodynamic curves were measured at a potential scan rate of 1mV/s in the range from -0.5 V, in relation to the corrosion potential, to +1.5 V/SCE. The electrolyte used was 3.5 % sodium chloride solution at 25ºC.
Electrochemical impedance spectroscopy (EIS) measurements were carried out using a frequency response analyser coupled to a potentiostat. The EIS measurements were performed at the open-circuit potential (OCP). The amplitude of the sinusoidal potential signal was 10 mV and investigated frequency was from 100 KHz to 10 mHz, with an acquisition rate of 10 points per decade. The EIS measurements were obtained prior to the cyclic polarization tests.
Results and Discussions
The micrograph of UNS S32520 SDSS in as received are shown in Figure 1a . Note the austenite (light phase) is in the form of elongated islands, and in alternate regions of refined and acicular structures, dispersed in the ferritic matrix (dark phase). Micrograph of the UNS S32520 SDSS solution-treated at a temperature of 1150°C for 30 min and cooled to water, are shown in Figure 1b , note that the austenite is in the form of lamella islands, distributed in the ferritic matrix. The formation of the lamellar microstructure is induced by the fact that the ferrite/austenite interface energy is lower than the energies of the ferrite and austenite grain contours. Figure 1c e 1d shows micrographs of UNS S32520 SDSS samples aged at 850ºC for 5 min. and 10 min., respectively. In the micrographs of the both samples aged, precipitation of sigma phase can be observed in the interface of ferrite and austenite grains. It can also be observed that the volume fraction of this phase increase as the aging time increases from 5 to 10 min.
Through the X-ray analysis (XRD), Figure 2a , it can be observed the presence of only the ferrite phase (α) and austenite phase (γ), for the as received. Although the Figure  1b did not reveal the presence of sigma phase, XRD results of the sample in the solution-treated condition showed that this phase was also present in volume fraction considerable and superior to that observed in the samples aged for 5 min (Figs. 2b and 2c ).
Although the Figure 1b did not reveal the presence of sigma phase, XRD results of the sample in the solutiontreated condition showed that this phase was also present in volume fraction considerable and superior to that observed in the samples aged for 5 min (Figure 2b and 2c) .
It is possible to infer that aging times of less than 10 min can produce a better partition of the Cr and Mo elements and a significant dissolution of the sigma phase present in the solution-treated condition, this fact may also have contributed to the displacement of the peak of (420) 2θ (degree) by comparing Figures 2b and 2c . On the other hand, XRD results indicate that when the aging time is slightly increased for 10 min, it occurs a massive re-precipitation of the sigma phase ( Figure 1d and Figure 2d ).
It was observed by quantitative stereology that in the condition as received the volumetric fraction of the ferrite and autenite phases were 59.83 ± 2.865% and 39.89 ± 2.865%, respectively. Increasing the time in the thermal treatment of aging favors the precipitation of secondary phases, mainly the sigma phase, and the volumetric fraction of the ferrite phase decreases with increasing aging time, due to the eutectoid reaction (α → γ2 + σ) 14 . And the volumetric fractions of the secondary phases precipitated during the heat treatment of aging of 5min and 10min were 5.76 ± 2.78% and 9.71 ± 2.20%, respectively. Table 2 shows the microhardness values of the SDSS and note that is not affected by the presence of the sigma phase, the treated solution was aged for 5 min and 10 min, the precipitation of the secondary phases was insufficient to affect the microhardness. Table 3 presents the open circuit potentials after 3-hour immersion and it is observed that there was no significant variation of them in the samples indicating a passive behavior among the studied conditions.
Linear potentiodynamic polarization curves are presented in Figure 3 and Table 4 presents the electrochemical parameters Ecorr (corrosion potential), Icorr (corrosion current density), Epit (pitting potential) and Ipass (passive current density). Note that all the curves are similar, displaying some minor differences only in the regions of high potential.
The polarization curves present two passive regions, indicated in Figure 3 (region A and B), this behavior is due to the duplex microstructure, composed of ferritic and austenitic phases. The first passive region (region A) is associated with the passivation of the ferrite phase and the second passive region (region B) is associated with the austenite phase 15, 16 .
The corrosion potentials of these polarization curves are more negative than the values determined by the open circuit potentials measurement, this is shown by Table 3 and Table 4 . This difference can be attributed mainly to the incomplete stabilization of the passive layer formed on the surface of the samples and the realization of cathodic polarization before reaching full stabilization of the open circuit potential.
The corrosion current densities determined from the polarization curves by the extrapolation method are in the order of 10 -7 A.cm -2 for the tested conditions. These values indicate high corrosion resistance of SDSS in 3.5% NaCl solution. It may be observed in Figure 3 that the steel passivity breakdown for all the tested conditions occurs at approximately +0.900 V/SCE, as there is an increase in current density. Table 3 . Open circuit potential of UNS S32520 SDSS in 3.5% NaCl solution at 25ºC
Condition E (V/SCE)
As-received -0.2582
Solution-treated at 1150ºC -0.2585
Solution treated at 1150ºC -aged for 5 min -0.2093
Solution-treated at 1150ºC -aged for 10 min -0.2700 Table 2 . Microhardness values of UNS S32520 SDSS
Condition

Microhardness (HV)
As-received 281
Solution-treated at 1150ºC 292
Solution treated at 1150ºC -aged for 5 min 282
Solution-treated at 1150ºC -aged for 10 min 284 In the study of SDSS, it is worthwhile to know the PREN (pitting resistance equivalent number) values of each phase. The Table 5 shows the chemical composition of the main elements for the studied conditions obtained by EDS. It can be observed from that a preferential selective corrosion of one of the phases may occur due to the significant difference of the PREN values between the phases.
Similar PREN values between the phases indicate that the elements responsible for pitting resistance (Cr and Mo) are evenly distributed. Therefore, the passive film formed over the metallic surface will present a very uniform composition, avoiding composition defects in the passive film. According to the values of the chemical composition shown in Table 1 , the overall PREN value calculated for the SDSS is 41.7.
It is worthwhile mentioning that the pits, after nucleated at the interfaces, grow into the ferrite, although ferrite has a PREN greater than the austenite. This is because Cr and Mo 
Condition E corr (V/SCE) I corr (A/cm 2 ) E pit (V/SCE) I pass (A/cm 2 )
As-received -0.379 5.514 x 10 -7 0.914 3.266 x 10 -6
Solution-treated at 1150ºC -0.333 9.075 x 10 -7 0.916 3.249 x 10 -6
Solution-treated at 1150ºC-aged for 5 min -0.400 1.210 x 10 -7 0.912 2.796 x 10 -6
Solution-treated at 1150ºC-aged for 10 min -0.381 9.550 x 10 -7 0.914 3,664 x 10 -6 act as stabilizer and passivating elements of ferrite, while in the austenite, they act only as passivating elements. The effect of these elements in improving the pitting resistance is much higher in austenite than in ferrite. Ferrite needs a much greater amount of these elements than austenite, so that it has the same pitting resistance. EIS results are shown in Figures 4 and 5 as Nyquist and Bode phase angle diagrams, respectively, for the conditions studied. As can be seen from the Figures, the Nyquist diagrams present semicircles and the Bode diagram reveals high phases angles over a large frequency range and a linear relationship with inclination close to -1, between log |Z| and log (f) and phase angle close to -80º, in the low frequency region, for all the tested samples, which reveals a highly capacitive behavior, typical of passive materials. In fact, the passive behavior of SDSS is due to the very low proportion of sigma face at the surface, comparatively of proportion of passive area 4 .
The equivalent circuit in Figure 6 is proposed for fitting EIS data to quantify the electrochemical parameters. In this equivalent circuit, Rs represents solution resistance; CPE (constant phase element) is double charge layer capacitance (C); Rp (polarization resistance) is the charge-transfer resistance. The electrochemical impedance parameters obtained from the fitting of EIS diagrams are shown in Table 6 .
According to the results, there was no alteration in Rs in the studied conditions. The solution-treated condition at 1150ºC and the aged at 850ºC for 5 min present higher polarization resistance; therefore, it is the highest corrosion resistant condition. This fact can be verified by the values of Icorr 1.210 x 10 -7 A.cm -2 and Ipass of 2.796 x 10 -6 A.cm -2 , both with lower values than for the other conditions, as presented in Table 4 . As-received 6.72 6.08 x 10 -5 0.86 455210
Solutio-treated at 1150ºC 6.10 7.77 x 10 -5 0.85 372240
Solution-treated at 1150ºC -aged for 5 min 6.40 6.01 x 10 -5 0.88 522230
Solution-treated at1150ºC -aged for 10 min 6.48 8.23 x 10 -5 0.85 214680 Rs: solution resistance; Rp: polarization resistance; C: capacitance; n: factor.
The solution-treated condition at 1150ºC and aged at 850ºC for 10 min is less resistant to corrosion. This behavior is due to the presence of secondary phases, specially the sigma phase, provoking impoverishment of Cr and Mo in the ferritic matrix 17, 18 . The Rp values for all the conditions are very close to the values found by Yoo et al. 15 , indicating the existence of a passive film.
The solution-treated condition at 1150ºC and aged at 850ºC for 5 min presented a factor n value very close to 0.89, which indicates the formation of a homogeneous passive film over the metal surface 15, 16 . This behavior is due to the variations on the distribution of the elements in the microstructure during the manufacturing process and subsequent heat treatments. The elements may be homogeneously distributed forming a single phase or partitioned in the microstructure, thus, the homogeneity of the oxide film formed over the metallic surface depends on the distribution of the alloy elements and the on volumetric fraction of each phase. A non-uniform element distribution will probably favor the formation of a heterogeneous film, with different properties at different points.
In the other conditions of this study the factor n values are slightly below the 0.89, probably due to the fact that it does not present the same uniformity in the passive film of this condition.
Conclusions
The treatment of aging favored the precipitation of secondary phases, mainly the sigma phase. The microhardness of the SDSS, is not affected by the presence of the sigma phase during the aging heat treatments.
The polarization curves present two passive regions, one is associated with the passivation of the ferrite phase and other is associated with the austenite phase. Small oscillations in current density resulting from the nucleation and repassivation of metastable pits, which grow and repassivate in a few seconds, caused variations in current density, which accumulated during the corrosion process. The small variation in the potentiodynamic polarization and in the electrochemical impedance results is due to the non-uniform distribution of the chemical elements, which favors the formation of a heterogeneous film with different properties at different points.
Concerning to the influence of the microstructure in the electrochemical behavior of the SDSS, it is possible infer that the best corrosion resistance of the sample in the solution-treated at 1150ºC and aged at 850ºC for 5 min condition is due to the significant dissolution of sigma phase and a more favorable partition of the elements Cr and Mo in the microstructure. However, when the aging time is increased for 10 min, it occurs the re-precipitation of a considerable amount of sigma phase, leading to the embrittlement of the austenite-ferrite boundary and a lower corrosion resistance due to a non-uniform elements distribution. Thus, this study indicates that thermal processing of SDSS in short periods of exposition in high temperatures (less than 10 min) does not reduce its corrosion resistance.
